We present the results of an architectural trade study and prototype implementation of an optical transmitter suitable for resource-constrained CubeSats. Recent advances in CubeSat attitude determination and control systems have made it possible to achieve three-axis stabilization. This is essential for laser communications systems, which have challenging pointing and stability requirements. Our downlink terminal design fits in a 10 cm × 10 cm × 5 cm volume, uses < 10 W of power, weighs < 1 kg, and supports data rates up to 50 Mbps. The terminal incorporates pointing, tracking and acquisition optics, an optical fine-steering mechanism, and a compact transmitter. This work focuses on the development of the transmitter for the Nanosatellite Optical Downlink Experiment (NODE). Two transmitter architectures were considered initially: direct modulation of a high-power laser diode and a master oscillator power amplifier (MOPA). The MOPA-based approach was selected and a prototype "breadboard" was built from commercially available components. The prototype transmitter produces high fidelity (extinction ratio, ER > 33 dB) pulse position modulation (PPM) waveforms at 1550 nm with 200 mW average output power while consuming 6.5 W of electrical power.
INTRODUCTION
Nanosatellites such as CubeSats are the fastest growing class of spacecraft: approximately 300 have been launched since 2000 and of those, approximately 150 were launched between 2013 and 2014.
1 Low-cost launch opportunities via "ride shares" and short development schedules have made these spacecraft attractive for educational, commercial, and military users. CubeSats are built to a common mechanical specification which defines "1U" as 10 cm × 10 cm × 10 cm, however, many developers prefer 3U designs which offer a good balance between launch cost and size, weight and power resources (30 cm × 10 cm × 10 cm, 4.0 kg, 10 W to 35 W orbit average power).
Communication bottlenecks, particularly in the downlink direction, are a common problem for many CubeSat developers. Radio frequency solutions have poor link efficiency (joules per bit) and often carry complex regulatory burdens. Recent advances in CubeSat attitude control systems, 2, 3 are beginning to address the pointing and stability requirements of narrow beam optical communications.
Commercially available CubeSat radio frequency (RF) solutions can currently provide megabit class user downlink rates while consuming roughly 10 W of electrical power. 4, 5 The capabilities of these RF systems, along with the state of CubeSat attitude control, ±5
• (3-σ) , drove the requirements definition for our CubeSat-scale lasercom system: the Nanosatellite Optical Downlink Experiment (NODE). 6 For the NODE terminal design, we have budgeted 10 cm × 10 cm × 5 cm, < 1 kg and < 10 W of size, weight and power (SWaP) while delivering a user data rate of 10 Mbps to 50 Mbps. This represents a full order of magnitude improvement over existing highrate RF systems with similar SWaP (e.g., L3 Cadet Radio Modem 4 ). An additional design requirement is to use low-cost, commercial off-the-shelf (COTS) components where possible. CubeSats typically have short missions (< 1 year) in low Earth orbit (LEO) where it is possible to use low-cost approaches (e.g., COTS components) with minimal risk given the relatively benign radiation and thermal environment.
TRANSMITTER TRADE-STUDY
Initially, we performed a radiometric link budget analysis was used to estimate the optical transmit power needed to achieve the desired 10 Mbps link. 6 The link budget study assumed a variety of constraints facing the CubeSat-scale implementation. Most notably: the expected pointing capability of the NODE terminal (which sets the downlink beam divergence to 2.1 mrad full width at half maximum, FWHM), the link range (< 1000 km) and the sensitivity of the ground receiver (1000 photons-per-bit, allowing for COTS detectors such as avalanche photodiode / transimpedance amp modules). Based on a preliminary set of assumed link parameters, we found that approximately 1 W of optical transmit power was needed to close the link at a 10 Mbps user data rate in the receiver thermal-noise-limited system. We identified two candidate 1 W optical sources: a high power laser diode (HPLD), such as a "pump" laser at 980 nm, and a master-oscillator power amplifier (MOPA) design incorporating a fiber amplifier at either 1 µm or 1.55 µm. We assessed the effectiveness of each of these configurations for our system by considering the end-to-end link performance. This performance analysis incorporated realistic transmitter assumptions (e.g., modulation type) and receiver parameters (e.g., suitable detector technologies for a given transmitter wavelength). System parameters were matched where possible, but the resulting transmitter capabilities did not allow for all system parameters to be matched ( Table 1) . 
High-Power Laser Diode (HPLD) Transmitter
The HPLD configuration ( Figure 1 ) consists of a directly modulated high-power laser, such as a 980 nm "pump" laser diode, which are available in convenient single mode fiber-coupled butterfly packages. The electrical-tooptical (EO) conversion efficiency of these lasers is excellent, typically greater than 30%. Operation at 980 nm is also advantageous from a receiver perspective as silicon detectors are near their peak responsivity.
nm Pump Laser
Fiber to collimation optics The principle disadvantage of the HPLD stems from the limited modulation bandwidth and associated driver circuitry, which must modulate large drive of currents. Assuming on-off-keying (OOK), which minimizes modulation bandwidth relative to data rate, and a typical pump diode efficiency (η = 0.6 W A −1 ), the driver circuit would need to switch over 1.5 A at 10 MHz rates. This approach is feasible, and is used in some systems (e.g. laser video projection systems), but is fundamentally limited by the package parasitics of the laser. Nevertheless, this configuration could be well within power budget: 3.3 W estimated of 8 W budget and could operate with an estimated wall-plug efficiency of 15%.
W total

Master Oscillator Power Amplifier (MOPA) Transmitter
The MOPA configuration ( Figure 2 ) relies on an average-power-limited fiber amplifier such as an Erbium-doped fiber amplifier (EDFA). Average-power-limited amplification allows the system to take advantage of low dutycycle waveforms with high peak-to-average ratios such as pulse position modulation (PPM). The widespread use of fiber amplifiers in the commercial telecommunications industry is supported by a wide selection of vendors offering high-reliability components. We considered both Yttrium-doped fiber amplifiers (YDFA, 1.05 µm) and Erbium-doped fiber amplifiers (EDFA, 1.55 µm) for use in this application. Although YDFAs can provide roughly twice the wall-plug efficiency of EDFAs, these efficiency levels are hard to find at the low (< 1 W) power levels with sufficiently compact packaging among COTS offerings from vendors. Additionally, YDFAs are less eye-safe and are generally much less available than EDFAs, making them less suitable for this COTS-based design approach. For the trade study, we baselined a 200 mW "MSA" (multi-source agreement) form-factor EDFA that is compatible with the volume constraints of CubeSats. The lower output power of the MOPA (relative to the HPLD) is roughly balanced by the link margin gain benefit from moving to PPM from OOK modulation on the average-power-limited EDFA.
TOSA
Aside from the amplifier, the modulator is typically a large power consumer for low-SWaP MOPA designs. For PPM waveforms, this modulator must provide high extinction ratios (ER) in order to avoid "power robbing" losses in the fiber amplifier (e.g. for PPM-16, ER > 27 dB 7 ). To avoid the power penalty associated with an external modulator, a direct modulation approach was selected. The transmitter digital electronics (e.g. an FPGA) directly modulate the seed laser with the communication waveform. Only ∼ 10 dB of ER can be expected from direct moduation if the laser is kept above threshold (i th ), which is necessary for wide-band modulation.
8-11
To further improve ER, the laser's adiabatic frequency chirp 8 is used in conjunction with a narrow bandpass filter to produce FM-to-AM conversion. This technique has been demonstrated in both fiber 9, 10 and free-space 11 applications.
The MOPA design is estimated to consume 6.5 W yielding a wall-plug efficiency of approximately 3%, driven largely by the power efficiency of the COTS EDFA. This is much lower than the HPLD design, but the MOPA is capable of producing higher fidelity waveforms at much faster modulation rates (> 1 GHz). Table 2 gives a high-level comparison for the two transmitter architectures. From a size, weight and power perspective, the HPLD is the clear winner but the design suffers from fundamental modulation bandwidth restrictions. Presently, our system data rates are primarily limited by available CubeSat power and relatively broad transmit beamwidth (2.1 mrad FWHM) derived from CubeSat pointing capabilities. Pointing performance should improve in the coming years which will allow for narrower transmit beams and, as a result, faster data rates. Although the MOPA has higher SWaP, it remains within budget and can be constructed using readily available COTS components. Furthermore, it has the added benefit of being able to scale to these higher rates. Table 3 summarizes the detailed design requirements for the transmitter subsystem of the NODE terminal. Power consumption is the most significant constraint facing the transmitter design which motivated validation of vendor power consumption specifications.
Selection Criteria
DETAILED DESIGN & PERFORMANCE VALIDATION
FPGA Modulator
The NODE terminal will include an FPGA to generate the communications waveform. For initial laboratory testing, we have configured a Xilinx Spartan 6 evaluation board to produce pulse position modulation (PPM) waveforms. Both the PPM slot rate (f slot ) and the modulation order (M ) can be configured in realtime. A general purpose I/O pin, configured as a 2.5 V single-ended output, is used to directly modulate the seed laser. The seed laser interface consists of an impediance matching network and an AC-coupling capacitor. Unlike many other high-rate FPGA modulators, we do not make use of power-hungry Gigabit transcievers (e.g. RocketIO) in this design. Instead, the design relies on the low-power serializer-deserializer functionality built into the FPGA's I/O buffers. These SERDES allow operation at up to 600 MHz while maintaining much lower FPGA fabric clock rates. When generating a PPM-16 waveform at f slot = 200 MHz, the FPGA is able to deliver 50 mA of drive into a 50 Ω load. This PPM slot rate was chosen because it allows the design to achieve the desired link rates while staying well above the diode's thermal chirp crossover point. 
Seed Laser
The primary selection criteria for the seed laser was the power consumption of the integrated thermoelectric cooler (TEC). Accurate temperature control is necessary to stabilize the laser wavelength, and on many lasers the TEC requires significant amounts of power (> 1 W). The size and mechanical mount style were secondary selection criteria. Transmitter optical sub-assemblies (TOSA) were identified as a good match for our application: they have low power TECs (< 0.4 W) and are available in very compact fiber-coupled packages (20 mm × 8 mm × 5 mm). The TOSA selected for this design has 6 dBm CW output power in the 1550 nm C-band. 
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• C Figure 3 . Seed laser temperature and DC current wavelength tuning relationships. An automated testbed consisting of a laser diode controller, a wavemeter and an optical spectrum analyzer was used to characterize the tuning parameters of the seed laser ( Figure 3 ). These tuning parameters form the basis for aligning the laser with the desired communications wavelength. The approximate tuning characteristics for a representative device were ∆λ/∆T = −11 GHz/
• C, ∆λ/∆i DC = −0.45 GHz/mA, and ∆λ/∆i AC = 0.20 GHz/mA (measured with PPM-16 at f slot = 200 MHz). Although undesirable in most TOSA applications (e.g., WDM systems), we use the laser's AC wavelength "chirp" (∆λ/∆i AC ) in our design. The TOSA's TEC power consumption was validated by measuring both V T EC and i T EC while the setpoint (T set ) was swept relative to ambient. Figure 4 shows the measured power consumption as well as quadratic models for both heating and cooling modes. TEC power consumption was within the 0.4 W budget across the expected operational range for the device (0 • C to 40 • C). An item for future investigation is the efficiency of the TEC driver circuit which will likely be based upon an laser diode controller IC.
Extinction Filter
The extinction filter is used to improve the ER of the seed laser signal through FM-to-AM conversion. Alignment between the seed laser wavelength and the filter passband is necessary to simultaneously achieve high ER and low insertion loss. Athermal fiber Bragg grating (FBG) filters can provide both steep transition regions ( 1 dB/GHz) and high stopband attenuation (> 30 dB) along with a thermally stable center wavelength (∼ 100 MHz/
• C). A temperature sensor mounted to the FBG filter will be used to compensate for the slight thermal dependency of the FBG filter. The overall wavelength shift of the transmitter (∼ 4 GHz over full temperature range) during this compensation is acceptable since the ground station receiver optical filter bandwidth is 250 GHz (or 2 nm at 1.55 µm). Figure 6 . Extinction ratio theoretical curves and measured results using duty cycle sweep. Figure 5 compares the insertion loss of two Gaussian passband FBG filters considered for this application along with the expected wavelength "chirp" (∆λ/∆i AC ) of the seed laser. The 10 GHz chirp shown in the figure was achieved with 50 mA of direct drive from a Xilinx Spartan 6 LVCMOS I/O pin. The narrower 5 GHz FBG filter was able to produce sufficient (> 33 dB) seed suppression while maintaining low insertion loss.
A swept duty-cycle ER measurement 12 showed that the combined seed laser plus extinction filter achieved an ER of > 33 dB ( Figure 6 ) at f slot = 200 MHz. This ER is sufficient for low duty-cycle waveforms such as 64-ary PPM. The same measurement was completed at f slot = 40 MHz which showed a slightly degraded ER (∼ 28 dB). This is due to fact that the modulation frequency is closer to the transition point where thermal effects begin to dominate charge carrier density effects. 8 For the purposes of the NODE program, we will operate the transmitter at f slot ≥ 200 MHz and vary the modulation order (M ) to achieve a variety of link rates.
Optical Amplifier
Erbium-doped fiber amplifiers (EDFAs) are widely available due to their use in the telecommunications industry. Because of the budgetary constraints facing most CubeSat programs, it was desirable to select a low-cost, mass-produced EDFA. The industry standard MSA form-factor is ideal for CubeSat applications as its size (9 cm × 6 cm × 1.5 cm) just fits within the 10 cm × 10 cm chassis cross-section.
MSA form-factor EDFAs are offered in a variety of power output levels and gains. We selected a higher power output variant (200 mW average optical) that fell within our electrical power budget (8 W for entire transmitter). With some minor mechanical modifications, the COTS EDFA can fit within the tight CubeSat chassis constraints.
RESULTS AND CONCLUSIONS
Time-domain measurements show that the NODE transmitter design can produce high-fidelity optical waveforms ( Figure 7) . Furthermore, the > 33 dB ER of the seed laser and filter assembly allows operation at high order PPM (64-ary) without sacrificing the peak power gains offered by the average-power-limited EDFA. Since the design supports modulation bandwidths in excess of 600 MHz, it will be suitable in future systems with more capable pointing control. Finally, and most critical for our application, the power consumption of the transmitter is within budget with nearly 20% margin (Table 4 ). 
